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Abstract
We demonstrate for the ﬁrst time the ability to determine in vivo and in utero
the transitions between the main stages of white matter (WM) maturation in
normal human fetuses using magnetic resonance diffusion tensor imaging (DTI)
tractography. Biophysical characteristics of water motion are used as an indirect
probe to evaluate progression of the tissue matrix organization in cortico-spinal
tracts(CSTs),opticradiations(OR),andcorpuscallosum(CC)in17normalhuman
fetuses explored between 23 and 38 weeks of gestation (GW) and selected strictly
on minimal motion artifacts. Nonlinear polynomial (third order) curve ﬁttings of
normalized longitudinal and radial water diffusivities (Z-scores) as a function of
age identify three different phases of maturation with speciﬁc dynamics for each
WM bundle type. These phases may correspond to distinct cellular events such as
axonal organization, myelination gliosis, and myelination, previously reported by
other groups on post-mortem fetuses using immunostaining methods. According
to the DTI parameter dynamics, we suggest that myelination (phase 3) appears
earlyintheCSTs,followedbytheORandbytheCC,respectively.DTItractography
provides access to a better understanding of fetal WM maturation.
Introduction
Current knowledge on fetal white matter (WM) maturation
comes from post-mortem pathological studies (Gilles 1983;
Brody et al. 1987). These studies have mainly focused on the
myelination, the last step of WM maturation. Myelination is
reported as a nonlinear complex phenomenon progressing
with a spatio-temporal course speciﬁc to each species. In hu-
mans, it begins at the second half of gestation and can evolve
until the age of 20 for structures such as the corpus callo-
sum (CC) (Kinney et al. 1988). Recent histological advances
in immunostaining methods have allowed a better descrip-
tion of the cascade of cellular events characterizing the early
phases (before myelination) of human fetal WM maturation
on post-mortem samples (Back et al. 2002). These observa-
tions conﬁrm the existence of a premyelinating phase corre-
sponding to the appearance of abundant “myelination glia,”
composed by oligodendrocyte (OL) precursors and imma-
ture OL, as an essential step prior to the myelination process
(Back et al. 2002).
Although prenatal ultrasound and conventional T1- and
T2-weighted MRI bring crucial information on the brain
development of human fetuses in utero (Girard et al. 1995),
the early cellular events involved in WM maturation are not
yet accessible by these techniques.
The unique opportunity to detect such microscopic phe-
nomena in utero relies on the characterization of water
molecule motions restricted by cerebral tissue using mag-
netic resonance diffusion-weighted imaging (DWI). Based
on published reports that have used in vitro and in vivo
neurological model systems, Beaulieu (2002) and Song et al.
(2002) have proposed to associate the microstructural orga-
nization of WM tracts with water diffusion characteristics.
Apparent diffusion coefﬁcient (ADC) reﬂects the probability
of displacement of a water molecule (modeled by a sphere)
characterized by Brownian motion within a tissue supposed
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tobeisotropic.Todate,ADCvariationsonfetalWMareused
to detect the initiation of myelination processes before con-
ventionalT1andT2images(PrayerandPrayer2003;Righini
et al. 2003; Schneider et al. 2007). However, ADC alone can-
not detect the ﬁrst stage of WM maturation or differentiate
the successive stage described by histology. Diffusion tensor
imaging(DTI)representsanewbreakthroughintheanalysis
of WM maturation by modeling water molecule displace-
mentbyanellipseorientedalongthemaindirectionoftissue
structure (Mori and Zhang 2006). In anisotropic tissue such
asWM,DTIprovidesinadditiontoADC,informationabout
the anisotropy of water diffusion reﬂecting a particular cel-
lular arrangement of the structure, through parameters such
as fractional anisotropy (FA), longitudinal (λ//), and radial
(λ⊥) diffusivities (Song et al. 2002). It also gives access to the
main direction of water diffusion within a given voxel.When
combined, this information can be used to estimate three-
dimensional trajectories of WM bundles by tractography al-
gorithms. However, imaging fetuses in utero remains an im-
portant technical challenge, especially for motion-sensitive
examinations such as DTI. Bui et al. (2006) were the ﬁrst to
measure in utero the diffusion tensor in the fetal WM be-
tween 31 GW and 37 GW in a series of 24 fetuses selected
based on the absence of motion artifact (50% of cases)).
They assessed ADC and FA on restrictive regions of interest
(ROIs). Kasprian et al. are the only ones who have used DTI
and three-dimensional tractography in living non sedated
human fetus in utero (Kasprian et al. 2008). The success-
ful reconstruction in only 40% of examined fetuses and the
absence of signiﬁcant correlation between DTI parameters
and gestational age illustrate that in utero DTI is extremely
challenging, limited by many sources of errors and artifacts
(Kasprian et al. 2008). Few teams are actively working on
motion correction to improve robustness of this technique
(Rousseau et al. 2005, 2006; Jiang et al. 2007, 2009) but new
improvements are still required.
By characterizing in utero the relative variations of lon-
gitudinal (λ//) and radial (λ⊥) water diffusivities on entire
individualWMbundlesduringgestationinverywell-selected
fetalDTIacquisitionswithminimalmotion,weaimedatde-
termine noninvasively the major key periods and transitions
of tissue organization for the cortico-spinal tract (CST), the
OR, and the CC in normal human fetuses.
Materials and Methods
Subjects
Cerebral magnetic resonance examinations were performed
for clinical purpose at our institution after selection of pa-
tients by the multidisciplinary fetal medical team. The indi-
cationsofthefetalmagneticresonanceimaging(MRI)explo-
rations were pregnancies at risk of brain damage, suspicion
of brain malformation on ultrasound scans, and presence of
maternal and/or family history of brain development disor-
ders. Gestational age was determined by a previous sonog-
raphy at 12 postovulatory weeks. Fetuses were selected when
conventional MRI examinations were normal based on the
report of a neuroradiologist expert in fetal MRI (NG) (ab-
sence of anatomical malformation, absence of WM or gray
matter lesions) and when they were considered normal at
birth by pediatric neurologist. Of the 141 brain fetus DTI
acquisitions, 61 fulﬁlled these criteria.
Imaging in the presence of subject motion has been an
ongoing challenge for MRI, especially for motion sensitive
examinations such as DTI. In utero fetal DTI is an extreme
case vulnerable to the mother’s respiration and fetal mo-
tion artifacts. Consequently, among 61 normal cerebral fetal
MRI with DTI sequence, only 17 (28%) were selected for the
studybasedontheabsenceofmotioncorruptiononcoronal,
sagittal, and axial views of b = 0 images evaluated by two
independent readers (EZ, NG) and the sufﬁcient quality of
the FA color-coded directionality map (color coherence of
themajorbundles)andADCmaps(Fig.1).Discordantcases
were ﬁnally rejected by consensus. The mean gestational age
was 32± 4 weeks of gestation (range, 23–38 weeks). The co-
hortwasconstitutedbyfetusesatgestationagesof23GW(1),
24 GW(1), 27 GW(1), 28 GW(2), 30 GW(1), 32 GW(1), 33
GW(3), 34 GW(2), 35 GW(2), 36 GW(1), 37 GW(1), and 38
GW(1).
Image acquisition
MR images were taken with 1.5 T MR scanner (Magne-
tomSymphonySiemens,Erlangen,Germany)usingaphased
array coil with four anterior elements wrapped around
the mother’s abdomen and two to three posterior spinal
elements.
Conventional fetal MRI were acquired using T2-weighted
single-shotsequences(HASTE,TE/TR:137ms/1680ms;BW
220Hz/pixel,21contiguousslices,3.5mmthickness,matrix:
358 × 512, FOV: 380 mm) acquired in three orthogonal
planes oriented along the fetal brain, and both axial and
coronal gradient echo T1-weighted sequence (Flash TE/TR:
3.3 ms/493 ms, BW 260 Hz/pixel, 19 slices, 4 mm thickness,
matrix: 154 × 256, FOV: 350 mm).
DTI was acquired with mother sedation (Flunitrazepam,
Rohypnol
R  
,Roche,Basel,Switzerland)inadorsaldecubitus
position using a single-shot echo-planar spin-echo sequence
with the following parameters: TE/TR: 105 ms/8900 ms, 50
contiguousslices,2.2mmthickness,matrix:128×128;FOV:
256 × 256 mm2. Diffusion gradients were encoded in 12
directions with a b values of 1000 s/mm2 and an additional
image with no diffusion gradient (b = 0 s/mm2). Three sets
of DTI data were acquired for average and the total DTI
acquisition time was 5 min 47 sec. To improve the signal-to-
noise ratio (SNR) for the DTI images, the three separate sets
96 c   2011 The Authors. Published by Wiley Periodicals, Inc.E. Zanin et al. In Vivo DTI Tractography in Human Fetuses
Figure 1. Example of in utero DTI acquisition slice positioning and resulting FA color-coded directionality map. (A and B) The displays of in utero
acquisitions performed in the axial plane relative to the fetus head. The quality of the resulting DTI images was assessed according to the good
deﬁnition of large white matter (WM) bundles such as corpus callosum (CC) (green arrows) on the reconstructed FA color-coded directionality maps
as in (C and D), examples of high-quality DTI acquisitions included in the study. Image in (E) represents DTI of poor quality excluded from analysis.
Note that the spatial reference varies according to the orientation of the fetus head relative to the scanner orientation. This induces changes in the
color directionality code usually observed in adults.
of images were averaged automatically by the “Neuro3D task
card”(SiemensSyngo).WedeterminedtheSNRaccordingto
Kasprian et al. (2008). The SNR is deﬁned as the mean value
of the signal of a circumscribed WM region of the fetal brain
on diffusion unweighted (b = 0 s/mm2) images divided by
the standard deviation determined in the same region.
A b value of 1000 s/mm2 w a su s e di nf e t a lD T Ia sH u a n g
et al. (2009). This value was adapted to high ADC values
expected at the fetal WM in order to the formula 1.1 per
ADC that have been thought to provide the best contrast-to-
noise ratio (Dudink et al. 2008).
Data postprocessing
Diffusion tensor parameters
DTI calculation and postprocessing were performed after
transferring diffusion-weighted images to a Siemens off-line
workstation, using the “DTI task Card” software, and the
four classical parameters were computed: the longitudinal
diffusivity (λ// or λ1), the radial diffusivity λ⊥ = (λ2+λ3)/2,
the ADC, and the FA.
Deﬁnition of seed regions and tractography
Seed regions for DTI tractography were determined based
on anatomical landmarks observed on the ADC and FA
color-coded directionality maps (Figs. 2 and 3). Using the
“Neuro3Dtaskcard”(SiemensSyngo),eachaxesoftheMPR
(multi-planar reconstruction) was rotated (double oblique)
togetaxial,coronal,andsagittalplanesintheanatomicalref-
erential for each fetus. ADC maps provided a good contrast,
and the overlay of color-coded FA helped to depict coherent
ﬁber pathways nearby the ROIs by indicating ﬁber direction
and degree of anisotropy. However, because the fetus head
in utero is randomly positioned relative to the scanner refer-
ential, the color code used in this study did not correspond
to the regular color code obtained in adults with standard
positioning (red: right–left, green: antero–posterior, blue:
supero–inferior)(PajevicandPierpaoli1999).The“Neuro3D
DTI task card” did not allow to apply tensor rotation to keep
this conventional color code.
The WM bundles selected for analysis in this study in-
cluded CST (an example of projection tracts), OR (an
example of association tracts), and CC (an example of
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Figure 2. Diffusion tensor tractography method used to depict cortico-spinal tract (CST), optic radiations (OR), and CC bundles. Regions-of-interest
(ROIs) were delineated based on anatomical landmarks observed on ADC and FA color-coded directionality maps. (A) For the CST observed in blue on
the image in the left superior quadrant, tractography algorithm (Runge Kutta order 4) was initiated from two ROI located in the posterior limb of the
internal capsule (PCI) (purple ROI) and the cerebral peduncles (PC) (green ROI). (B) For OR observed in red in the image on the left inferior quadrant,
the two ROI were deﬁned on coronal slices located on the anterior (ant) and medial (med) parts of OR. (C) Corpus callosum (CC) observed in green
on right quadrant was divided in three subparts: the genu (CCg), the body (CCb), and the splenium (CCs). A single ROI approach was used for the
tractography, which was deﬁned from each subpart on the mid-sagittal slice (MSS).
commissural tracts). Because previous study has reported
adifferentsequenceofmyelinationaccordingtothesubparts
of the CC, its analysis was divided into three parts includ-
ing genu, body, and splenium (Kinney et al. 1988). These
three parts were deﬁned according to Catani et al. (2002)
from well-individualized anatomical landmarks on the mid-
sagittal slice (MSS) (passing through the median line and in
the midline of the CC), frequently used in MRI: an anterior
portion, the genu (rounded and rolled up in the bottom and
ahead around the anterior pole of diencephalons), a mid-
dle portion, the body (overhanging the septum lucidum and
the area of the roof of the third ventricle), and a posterior
portion, the splenium (rounded and the bulkiest).
The main observer (EZ) performed all the ROIs and trac-
tography twice using a two-ROI analysis for CST and OR
(Catanietal.2002)andsingleROIsplacedondifferentlevels
of the MSS for the different parts of the CC (Fig. 2).
Reconstructed tracts were validated by the main observer
(EZ) according to anatomical landmarks observed on ADC
maps and b = 0 images projected on the different views
(axial, sagittal, and coronal) and data from the literature on
post-mortem fetal tractography (Catani et al. 2002; Huang
et al. 2009; Vasung et al. 2010). The CSTs were deﬁned as the
ﬁbers passing through the cerebral peduncles and the poste-
rior limb of the internal capsule (Fig. 2), the OR as the ﬁbers
connecting the lateral geniculate nucleus and the occipital
pole (Fig. 2). Fibers tracts generated from the genu connect
anterior parts of the frontal lobes (mainly pre-frontal) and
their horseshoe-shaped radiating ﬁbers form the anterior
(minor) forceps. The genu contains ﬁbers from orbital,
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Figure 3. Example of DTI tractography of CST and OR obtained in utero and in vivo for fetal brain. Tractography three-dimensional reconstructions
obtained with the Runge Kutta method (order 4) of the CST at 24 GW (A, superior quadrant) and 27 GW (A, inferior quadrant) and OR at 33 GW (B,
superior quadrant) and 34 GW (B, inferior quadrant).
medial, and dorsal frontal cortex. These ﬁbers cross the
corona radiata and converge toward the anterior horn of the
lateralventriclewheretheyformacompactbundlethatarches
in the genu. The body of CC contains ﬁbers that connect the
premotor and precentral frontal cortex, the parietal lobes,
andthetemporallobes.Theseﬁbersconvergeattheposterior
horn of the lateral ventricle, around which they are shaped
like a cone, before arching medially to cross the midline. The
splenium connect occipital lobes and make up the posterior
major forceps (Fig. 2) (Catani et al. 2002). The ﬁber bundles
werereconstructedusingastreamlineRungeKuttaalgorithm
(order 4). A FA threshold of 0.08 (a low value adapted to the
immaturityofthefetaltractsandtheintrauterinconditions)
was used and a curvature angle smaller than 70◦ (adapted to
thecurvedgeometryoftheORs)waschosen(Yamamotoetal.
2007). Two FA thresholds were tested adapted to the imma-
turity of the fetal WM: 0.1 and 0.08. Threshold of 0.1 was
previously used in the literature in postnatal period (Dubois
et al. 2006) and in fetuses in vitro (Vasung et al. 2011). The
best results in terms of tractography reconstruction were ob-
tained with the 0.08 threshold.
Then a second investigator expert in fetal neuroradiology
(NG)evaluatedeachofthereconstructedtractsandvalidated
the results. In case of bad scoring by the expert, tracking was
redoneonce,andﬁnallynotconsideredifnotapprovedbythe
expert at that time. The percentage of rejected reconstructed
tractography was 4% (5/119).
Diffusion tensor parameters of each bundle
Masksofthereconstructedbundleswereappliedtothepara-
metric maps of ADC, FA, λ1, λ2,a n dλ3 to compute the
DTI parameter values of each bundle with SPM 5 (Welcome
institute, London). The average values of the ADC, the FA,
the λ1 = λ//, λ2,a n dλ3 for the whole reconstructed bun-
dles were obtained for each tract. The λ⊥ were obtained by
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average the λ2 and λ3 values of each reconstructed tracts
(www.mricro.com).
Statistical analysis
Statistical analyses were performed using the JMP 2008 soft-
ware (SAS Institute Inc., Cary, NC, USA).
Diffusion characteristics of WM tracts independent
of gestational age
The means, medians, minima, and maxima of DTI parame-
ters(ADC,FA,λ//,λ⊥)measuredoneachtypeofbundlesfor
all fetuses were calculated and compared bundles by bundles
usingANOVA(P<0.05,correctedformultiplecomparisons)
to assess the differences in diffusion characteristics between
the different WM bundles independently of the gestational
age.
Variation of WM tract diffusion characteristics
according to gestational age
For each DTI parameter of each WM bundle, Z-scores
were computed for each subject relative to the mean values
and standard deviations of the whole population of fetuses.
ANOVAwasconductedonthesediffusionparameterstoeval-
uate the effect of age and bundle type (statistical threshold
P < 0.05 after False Discovery Rate (FDR) correction).
Variations of diffusion parameters (ADC, FA, λ//, λ⊥)f o r
each type of WM bundle were modeled as a function of
age ﬁrst by linear regression (Kasprian et al. 2008) and also
by polynomial ﬁtting functions (degree 3) (Schneider et al.
2007).
Results
Diffusion characteristics of WM tracts
independent of gestational age
The SNR of b0 images measured in the 17 included fetuses
resulted in a mean value of 14.07 ± 3.17. All selected tracts
studied were validated by the two experts (EZ, NG) except
for ﬁve OR (four rights, one left) in four different subjects
(age: 27 GW, 34 GW, 34 GW, 35 GW) that were removed for
the subsequent analyses. Thus, 34 CSTs, 29 OR, and 17 CC
were identiﬁed and characterized (Figs. 3 and 4).
After verifying that diffusion characteristics were not dif-
ferent between left and right bundles for the CST and the
OR (P > 0.05, Wilcoxon rank test), left and right diffusion
parametersvaluesofeachbundlewerepooledforsubsequent
analyses.
From a structural point of view, each bundle had speciﬁc
diffusion tensor characteristics (Fig. 5; Table 1). CST was
the most organized structure exhibiting signiﬁcantly lower
ADC values compared to OR, genu, body, and splenium of
CC (ANOVA, P < 0.05 corrected for multiple comparisons)
Figure 4. Example of DTI tractography of the CC obtained in utero and
in vivo for fetal brain. Tractography three-dimensional reconstructions
obtained with the Runge Kutta method (order 4) of the CC divided
in three subparts: body of the corpus callosum (CCb) at 33 GW (A),
splenium of CC at 33 GW (B), and genu of CC at 37 GW (C).
(Fig. 5). CST also showed higher FA values compared to
OR, genu, and body of CC (ANOVA, P < 0.05 corrected
for multiple comparisons)(Fig. 5). In contrast, OR appeared
as the less-organized structure with signiﬁcant higher ADC
relative to CST, body, and genu of CC, and signiﬁcant lower
FA compared to all the others tracts (ANOVA, P < 0.05
corrected for multiple comparisons).
Variation of WM tract diffusion
characteristics according to gestational age
According to the poor linear ﬁtting of diffusion parameters
with age, the polynomial function of degree 3 was chosen
to model the variation of parameters during gestation. We
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Figure 5. Comparison of diffusion tensor properties observed in the different tracts. Boxplots of ADC (mm2/s), FA, λ// (mm2/s), and λ⊥ (mm2/s) values
at the body of corpus callosum (CCb), the genu of corpus callosum (CCg), the splenium of corpus callosum (CCs), the cortico-spinal tract (CST), and
the optic radiations (OR) in all 17 fetuses analyzed for this study. *Statistically signiﬁcant difference between two structures (P < 0.05).
Table 1. Mean values (± standard deviation) of apparent diffusion coefﬁcient (ADC), fractional anisotropy (FA), longitudinal diffusivity (λ//), and
transverse diffusivity (λ⊥)
Structure Number ADC (10−3 mm2/s) mean and SD FA mean and SD λ// (10−3 mm2/s) mean and SD λ⊥ (10−3 mm2/s) mean and SD
CST 34 1.063 ± 0.095 0.183 ± 0.018 1.255 ± 0.103 0.964 ± 0.092
OR 29 1.275 ± 0.094 0.154 ± 0.016 1.468 ± 0.104 1.176 ± 0.091
CCg 17 1.211 ± 0.104 0.170 ± 0.012 1.414 ± 0.115 1.105 ± 0.098
CCb 17 1.201 ± 0.101 0.168 ± 0.014 1.399 ± 0.111 1.100 ± 0.098
CCs 17 1.231 ± 0.111 0.177 ± 0.014 1.450 ± 0.128 1.121 ± 0.107
CST = cortico-spinal tracts, OR = optic radiations, CCg = genu of corpus callosum, CCb = body of the corpus callosum, CCs = splenium.
deﬁned the transition periods between the different stages of
maturationnumericallyfromtheintersectionsoftheλ// and
λ⊥ polynomial ﬁtting functions according to age.
Inordertonormalizevariationsanddynamicsofthediffer-
entparameters,valueswererescaledaccordingtotheZ-score
formula using the mean values and standard deviations of
the whole population for each parameter. Each normalized
parameter was plotted against age for each bundle and the
distribution was ﬁtted using a 3 degree polynomial function.
Models were valid (R > 0.5 and P < 0.05) for all diffusion
parametersofeachbundleexceptfordiffusionparametersof
the genu of CC (P = 0.10–0.9), the FA of the body of CC
(P = 0.16), and the λ// of the splenium (P = 0.11).
During the 23–38 GW period, differences in the relative
variations of longitudinal (λ//) and radial diffusivity (λ⊥)
curves identiﬁed three distinct phases of water molecule re-
striction (Fig. 6). The transition between two phases was
determined as the time point when normalized λ// and λ⊥
curves versus gestational age were crossing. The precise time
point was determined numerically by equalizing the two
equations of the polynomial ﬁtting curves.
The ﬁrst phase started with a greater increase in λ// com-
pared to λ⊥, involving increased FA and ADC. The end of
this ﬁrst phase was identiﬁed at 28.5 GW for the CSTs, 26.3
GW for the OR, 25 GW for the genu and body of CC, and
25.6 GW for the splenium of the CC (Figs. 6 and 7).
Thesecondphasecorrespondedtoasimilarvariationofthe
normalized longitudinal (λ//) and radial diffusivities (λ⊥).
During this phase, λ// and λ⊥ reached a plateau before
decreasing in the same manner, inducing no variation of
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Figure 6. Variation of diffusion parameters during gestation according to the WM structure. Determination of three different maturation phases
according to the numerical determination of differential evolutions of the λ// and λ⊥ curves modeled by a 3 degree polynomial function (phase 1 in
green, phase 2 in orange, and phase 3 in red) and schematic representations of the supposed corresponding histological events displayed in Figure 8.
Figure 7. Putative dynamics of WM maturation derived from polyno-
mial ﬁttings of in vivo DTI tractography parameters acquired in utero.
CCb = body of corpus callosum, CCg = the genu of corpus callosum,
CCs = the splenium of corpus callosum, CST = the cortico-spinal tract,
OR = optic radiations, GW = gestational weeks.
ADC before decrease, and stable FA during the whole pe-
riod. The end of this second phase (where the two curves
diverged) was reached at 32.5 GW for the CSTs, 34.8 GW for
the ORs, 35.4 GW for the body of CC, and 35.3 GW for the
spleniumoftheCC.Conversely,theendofthissecondperiod
was not reached for the genu of CC before 38 GW (Figs. 6
and 7).
The third phase corresponded to a faster decrease of the
normalizedradialdiffusivity(λ⊥)relativetothelongitudinal
diffusivity (λ//), reﬂected by an increase in FA and a slower
decrease in ADC.
These three different phases of diffusion parameter varia-
tions could be observed for all bundles except for the genu of
CC for which the transition between phases 2 and 3 was not
observedbefore38GW.Observeddynamicsofmaturationof
each bundle derived from the present study are summarized
in Figure 7.
ANOVA conducted on these data showed global time ef-
fects on DTI parameters during gestation (P < 0.002) with
signiﬁcantbundle-typeeffects(P <0.03)andbundle-type×
age interactions (P < 0.002) for the λ//, λ⊥,A D C ,a n dF A ,
evidencing a signiﬁcantly more advanced and faster mat-
uration of the CST compared to the genu of CC and the
OR. In addition, ANOVA conducted on the subparts of CC
evidenced signiﬁcant global effect (P < 0.02) with a bundle-
type effect (P < 0.004) and a bundle-type × age interac-
tion (P < 0.05) demonstrating a less-advanced and slower
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maturation of the genu compared to the other subparts
of CC.
Discussion
In vivo DTI tractography of human fetuses
DTI tractography has already been applied to the study of
children brain maturation from the early postnatal period
(Gilmore et al. 2007; Provenzale et al. 2007; Dubois et al.
2008). It has not only shown lower FA and higher ADC val-
uesofchildren’sWMbundlesrelativetoadults,butalsolinear
correlations between age and DTI parameters during devel-
opment (Gilmore et al. 2007; Provenzale et al. 2007; Dubois
et al. 2008). In fetuses, post-mortem DTI detects the main
WM bundles as early as 13 GW (Huang et al. 2009). En-
couraging results concerning in utero explorations of living
f e t u s e sh a v eb e e nr e p o r t e du s i n gD T Io nl i m i t e dr e g i o n so f
interestwithouttractography;preventingcharacterizationof
the entire (or at least a large part) of the WM bundles (Bui
et al. 2006).
To our knowledge, only one DTI tractography study has
been conducted in utero on living fetuses, demonstrating
the feasibility but also pointing out the numerous techni-
cal challenges to overcome in order to obtain robust results
(Kasprian et al. 2008). We have also observed that quality
of DTI tractography and derived diffusion parameters are
highly dependent on fetus and mother motions. However, it
was possible to get reliable evolution of diffusion parame-
tersduringgestationfromtheexaminationof17fetuseswith
an optimized acquisition protocol and a drastic selection of
DTI data. The tracking accuracy might also be affected by
the presence of crossing ﬁbers, especially for OR in regions
closed to the inferior longitudinal fasciculus. However, the
two ROIs approach chosen to perform DTI tractography
limited trajectory reconstruction errors. Accordingly, ADC
valuesdeterminedinourstudyfortheCCandtheCSTswere
consistent with previous results obtained in utero in fetuses
using DTI without tractography (Bui et al. 2006), and values
of ADC and λ⊥ were logically higher and FA values lower
in the fetuses of our study compared to neonates and adults
(Dubois et al. 2008). Differences in mean FA values (0.18 vs.
0.28) of the bundles obtained in the present work relative to
previous reports (Kasprian et al. 2008) are logic as far as the
FA threshold chosen here to get reliable anatomical recon-
structed bundles was lower than in the previous report (0.08
vs. 0.15).
Variation of WM tracts diffusion
characteristics according to gestational age
Wehaveobservedthreedifferentphasesofradialandlongitu-
dinal diffusivity curve variations as a function of gestational
age for most of the bundles. Accordingly, we have adapted
the model developed by Dubois et al. (2008) based on the
present observations, the previous hypotheses proposed on
theanisotropicwaterdiffusionrestrictionsinthecentralner-
vous system from review study (Beaulieu 2002) and the re-
portedhistologicaldataofimmunostainingofOLlineageon
OR (Back et al. 2002) (Fig. 8). Our study showed that phase
1( b e f o r e2 6 . 3G Wf o rO R )c o r r e s p o n d e db i o p h y s i c a l l yt o
a large increase in longitudinal diffusivity concomitant to a
slowincreaseinradialdiffusivitycausingsigniﬁcantincreases
in ADC and FA. This period coincides with axonal organi-
zation, a transition from tortuous axons state to coherent
bundles. Indeed, histological data have shown labeled axons
with marker of mature neuroﬁlament (panaxonal neuroﬁl-
ament marker SMI 312), presence of late OL progenitors,
and absence of myelin-basic-protein (MBP) (mature myelin
marker) (Back et al. 2002). Consequently, the less restricted
water motions cause increases in ADC, but water diffusion is
less hindered in the longitudinal direction parallel to axons
relative to the perpendicular direction causing an increase
in both ADC and FA. Water molecule diffusion restriction
modelevolvesfromasmallsphere(isotropictissue),toalarge
ellipse (anisotropic tissue). Phase 2 (between 26.3 GW and
34.8 GW for OR) was characterized by similar and concomi-
tant slow decreases in longitudinal and radial diffusivities,
causing no change in FA (plateau) and a decrease in ADC.
This period corresponds to progressive increase in immature
OL and the emission of cytoplasmic processes randomly ori-
e n t e dr e l a t i v et oa x o n sa c c o r d i n gt oh i s t o l o g i c a ld a t af r o m
the literature (Back et al. 2002). Coming from the same
sources, marked expansion in the number of immature OL
is observed at 30 GW followed by an emission of “pioneer”
processes selectively oriented toward individual axons that
initiate the axonal contact and then wrap around. This phe-
nomenon, known as “myelination gliosis,” corresponds to
maturation of OL progenitors in immature OL followed by a
largeproductionofglialmatterrandomlyorientedrelativeto
axons in the extracellular space. Such a cascade would cause
an isotropic reduction of the extracellular space explaining
the observed water diffusion characteristics: the large ellipse
modeling water diffusion moved to a small ellipse with the
same shape. Phase 3 (after 34.8 GW for OR) was related bio-
physically to a slow decrease in longitudinal diffusivity and
concomitant fast decrease in radial diffusivity. This period
corresponds to, according to histological data, regression in
cytoplasmic arborization parallel to selection of cytoplasmic
pioneer processes, followed by progressive ensheathment of
axons and compaction of myelin sheaths with incorpora-
tion of MBP (Back et al. 2002). Such a myelination process
caused a large restriction of water diffusion in the radial
direction (fast decrease in λ⊥), balanced in the longitudinal
directionbydisappearanceofcytoplasmicarborization(slow
decreaseinλ//).Theellipsemodelingwaterdiffusionbecame
thinner.
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Figure 8. Theoretical model of diffusion tensor parameter variation during human fetal WM maturation. We have adapted the model developed by
Dubois et al. (Dubois et al. 2008) based on the present observations, the previous hypotheses proposed on the anisotropic water diffusion restrictions
in the central nervous system from review study (Beaulieu 2002), and the reported histological data of immunostaining of oligodendrocytes (OLs)
lineage on OR (Back et al. 2002). According to the observed biophysical characteristics of water motion restrictions, especially longitudinal and radial
diffusivities, three different WM maturation phases were determined. Phase 1 (axonal organization) corresponds to the transition from tortuous axons
to coherent bundles. The less-restricted water motions cause increases in ADC, but water diffusion is more facilitated in the direction parallel to axons
relative to the perpendicular direction. Consequently, a faster increase in λ// compared to λ⊥ is observed during this period involving an increase in FA.
Water molecule diffusion restriction model is moving from a small sphere, to a large ellipse. Phase 2 (myelination gliosis) corresponds to the production
of glial matter in the extracellular space. Motion of water molecules is reduced similarly in all directions causing a concomitant and similar decreases
in λ// and λ⊥, no change in FA and decrease in ADC. The large ellipse moved to a small ellipse with same form. Phase 3 (myelination) corresponds
to regression of cytoplasmic arborization parallel to the selection of cytoplasmic pioneer processes, followed by a progressive ensheathment of axons
and compaction of myelin sheaths with incorporation of myelin binding protein. Motion of water molecules is more restricted in the radial direction
(perpendicular to axons) causing a faster decrease of the λ⊥ relative to the λ//, reﬂected by an increase in FA and a slower decrease in ADC. The ellipse
became thinner and smaller.
For the body and splenium of CC, signiﬁcant ﬁttings with
the 3 degree polynomial function were obtained only for
three of the four diffusion parameters and for the genu of
CC, no signiﬁcant ﬁtting was obtained whatever diffusion
parameters, suggesting that the maturation process of this
bundle was not completed yet before birth.
Dynamics of maturation for the different
WM bundles
These three phases of the WM maturation sequence have
been observed for all structures except for the genu of the
CC. Such a nonlinear variation of diffusion parameters is in
linewithpreviousreports.EvocatedbySchneideretal.(2007)
on ADC values measured in utero in human fetuses between
23GWand37GW,theabsenceoflinearcorrelationbetween
diffusion parameters and gestational age has been conﬁrmed
in the sole DTI tractography study conducted in utero by
Kasprian et al. (2008). Moreover, the linear evolutions of
FA and ADC as a function of age reported in older fetuses
(after 32 GW) (Bui et al. 2006), in premature infants born
between 25 GW and 34 GW with a large majority of MRI
performedafter33GW(Partridgeetal.2004),andinnormal
newborns (Dubois et al. 2008) referred in the present model
to a period corresponding to the third phase during which
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diffusion parameter variations follow a linear model relative
to age.
From a dynamic point of view and in accordance with
histological reports, we observed that myelination (phase 3)
could appear early in the CSTs, followed by the OR and by
the CC, respectively (Gilles 1983).
One hypothesis sustaining this particular dynamical orga-
nization may rely on the fact that the extent of WM matu-
ration can be related to the functionality and excitability of
theconnectedcorticalareas.Forexample,theadvancedmat-
uration of OR during gestation in the absence of exogenous
visual stimulation could be related to the stimulation of the
visual cortex by the pons-geniculate-occipital waves during
the rapid eye movement sleep that appears in fetuses as early
as 30 GW (Graven 2008). Indeed, the structural maturation
processofORdescribedinDTIcoincideswiththefunctional
maturation of visual pathways evaluated by visually evoked
response in premature infants (Volpe 2008). The ﬁrst phase
of our model corresponding to axonal organization (<26.3
GW)coincideswiththeappearanceoftheﬁrstvisuallyevoked
responses previously observed in premature infants (22–24
GW).Thesecondphasecorrespondingtomyelinationgliosis
(26.3–34.8 GW) coincides with evolution of visually evoked
responses to the principal wave forms (32–35 GW). Finally,
the third phase corresponding to the myelination coincides
with the appearance of mature visually evoked response (39
GW).
Within the CC, maturation is slow and heterogeneous ac-
cordingtothesubstructures.Theantero-posteriorfunctional
differences of the CC are also reﬂected by differences in mat-
urationdynamicswithanearlymaturationofsplenium(ini-
tiating phase 2 at 25.6 GW and phase 3 at 35.3 GW) and
body (initiating phase 2 at 25 GW and phase 3 at 35.4 GW),
and a later maturation of the genu (initiating phase 2 at 25
GWcontinuinguntilbirth).Accordingtothepresentresults,
genu remains in the myelination gliosis phase until 38 GW,
showingthatthethirdphaseofmaturation,thatisthemyeli-
nation, may occur entirely after birth. These observations
are consistent with previous data reporting that the greatest
variations of diffusion parameters during the postnatal pe-
riodoccurredintheCCandespeciallyinthegenu(Partridge
et al. 2004; Lobel et al. 2009). Low genu maturation in utero
could be related to the very low cognitive stimulation of the
frontal lobes of fetuses during gestation (Barkovich 2000).
Lastly, it is worth noting that the ﬁrst half of the myelina-
tion gliosis phase (phase 2) characterized by the initiation of
OL progenitor maturation in immature OL within the WM
corresponds to the developmental window of high risk for
periventricular leukomalacia (PVL) (between 23 GW and 32
GW) (Back et al. 2001). Indeed, late OL progenitors, known
as the predominant population of OL during this period, are
suspected to be a potential target for injury in PVL (Back
et al. 2001).
While promising, this pilot study only provides a proof of
concept obtained in one highly selected DTI fetal database
with no or minimal motion artifacts. Generalization of
this method will require further methodological approaches
mostlyrelatedtomotioncorrectionstogetreliablenormative
data in a large cohort of fetuses and to study developmental
disorders(Rousseauetal.2005,2006;Jiangetal.2007,2009).
Limitations
Severaltechnicallimitationshavetobeacknowledgedthanks
totheinterpretationoftheresultsobtainedinthispilotstudy.
The major limitation is relative to the fetus motions dur-
ing acquisition and the way to handle such a problem. As
demonstrated by Hayat et al. (2010), there is an important
reductionoffetusmotionbetween23GWand36GW ,though
attributable to decreased intrauterine space and immobiliza-
tionofthefetalheadinthematernalpelvisinthecephalicpre-
sentation(Kasprianetal.2008).Inthisstudy,85%ofselected
fetuses were in cephalic presentation. Recent very interesting
approaches have been proposed to postprocess DTI data in
moving subjects, by rotating appropriately after image reg-
istration the directions of the diffusion-sensitizing gradients
(Jiang et al. 2007, 2009). In the present study, we did not use
such an approach while we decided to select strictly in quite
a large sample of data (61 in utero fetuses acquisitions), only
the exams with very limited or absent motion observed on
coronal,sagittal,andaxialviewsofb =0images.Motionwas
evaluated by two independent readers (EZ, NG). Only a very
smallnumberofdatasurvivedtothisscreening(17outof61;
28%). Accordingly to minimal fetus motion in this dataset,
we obtained sufﬁcient SNR (about 14) on b = 0 s/mm2 im-
ages to obtain relevant FA and ADC maps as well as coherent
ﬁber pathways reconstructed by tractography. Finally, each
reconstructed tract was evaluated by a second expert in fe-
tal neuroradiology (NG) based on anatomical landmarks. In
case of bad scoring, tracking was redone once, and ﬁnally
n o tc o n s i d e r e di fn o ta p p r o v e db yt h ee x p e r ta tt h a tt i m e .
Only a small percentage of tracts were rejected during this
second selection (4%; ﬁve out of 119). Reconstruction of the
validated selected tracts could be then considered as robust.
It is also important to note that between 23 GW and birth,
previoushistologicalstudieshavedemonstratedthepresence
ofthetractsstudiedinthiswork(Huangetal.2009),limiting
the false discovery rate of DTI tractography in this popula-
tion whenever the FA threshold used was quite low (0.08).
The use of the two-ROI method (Catani et al. 2002) and the
comparison of each reconstructed tracts to anatomical land-
marks by an expert in fetal neuroradiology allowed to limit
false positive tracts for analysis. In the present in utero study,
the tractography parameters, especially the FA thresholds,
were chosen to account for the immaturity of the nonmyeli-
nated fetal tracts. Two FA thresholds were tested for tract
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reconstruction: 0.1 and 0.08, and the best results relative to
the structural connectivity organization were obtained with
the threshold value of 0.08. A threshold value of 0.1 was pre-
viously used in the literature in the postnatal period (Dubois
et al. 2006) and in post-mortem fetuses (Vasung et al. 2011).
It is noteworthy that along the tracts diffusion parameters
vary (central FA > p e r i p h e r a lF A ) .W h i l ew eh a v ed e c i d e dt o
characterize the whole tract, it was necessary to take an FA
threshold value sufﬁciently low relative to the heterogeneity
inside the bundles and to immaturity of fetal WM (Gilmore
et al. 2007). The lower FA threshold (FA > 0.08) chosen here
relativetotheworkofKasprianetal.(2008)(FA>0.15)may
also explain the lower mean FA values obtained here for the
reconstructed tracts.
Another point was the choice of the optimal b value. In
the few previous studies focusing on in vivo fetal brain DTI,
various b values have been used ranging from b values of 500
s/mm2 (Jiang et al. 2009), 600 s/mm2 (Righini et al. 2003;
Kim et al. 2008), 700 s/mm2 (Bui et al. 2006; Kasprian et al.
2008)to1000s/mm2 (Baldolietal.2002).Afterbirth,mostof
the studies have used higher b values (about 1000 s/mm2)i n
neonates (Righini et al. 2010) and children between 5 and 13
years of age (Lebel et al. 2009; Wozniak et al. 2009). In post-
mortem fetuses, b value of 1000 s/mm2 has been regularly
usedbyseveralgroups(Huangetal.2009;Vasungetal.2011;
Widjaja et al. 2009). We have chosen here a b value of 1000
s/mm2 to compare diffusion parameters from the present
fetuses, with data from the literature obtained in neonates,
children, and adults. Moreover, this value is consistent with
the usual recommendations giving an optimal b value at 1.1
per ADC to provide the best contrast-to-noise ratio (Con-
turo et al. 1995; Dudink et al. 2008). In the present study,
ADC values ﬂuctuated between 0.9 mm2/sec and 1.4 × 10−3
mm2/sec,leadingtooptimalbvaluesbetween800s/mm2 and
1200 s/mm2.
The last major limitation is the absence of direct compar-
isonsbetweenthematurationstagesdescribedinvivobyDTI
tractography and histological data that cannot be performed
here in the normal human fetuses. However, the correspon-
denceintransitiononsetsofmaturationphasesbetweendata
from Back et al. and the present results suggests a good reli-
ability of this noninvasive tool to monitor brain maturation
(Backetal.2002).Precisioninthetransitionalperiodsdeter-
minedbyDTIcouldsufferfromthequalityofthepolynomial
ﬁtting.Wedidnotprecludeabouttheexactdeterminationof
the different phases but rather a global trend of variations in
DTI parameters reﬂecting physiological changes relative to
WM maturation.
Although the harmlessness of MR examination on fetuses
during gestation has been well documented, only the clinical
use of fetal MRI is ethically justiﬁable in humans. Reasons to
perform fetal MRI are related to a pathological risk for the
fetus. Nevertheless, for these fetuses, conventional MRI was
totally normal according to neuropediatric radiology expert
(NG).
Finally, a last limitation is relative to the cross-sectional
design of the study that does not provide the maturation
processes at the individual level. However, from an ethical
point of view, it appears impossible to obtain longitudinal
data from the same normal fetuses during gestation.
Conclusion
ThepresentstudydemonstratesthefeasibilityofinuteroDTI
tractographytoevidencedifferentphasesofWMmaturation
and different time courses in the myelination maturation
processes occurring during gestation in human large WM
bundles. DTI appears as a promising tool to investigate non-
invasively brain maturation of human fetuses. Nevertheless,
signiﬁcant improvements in sequence design and postpro-
cessing are required to allow a real clinical transfer of this
powerful technique to characterize in utero developmental
maturation and brain disorders.
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